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ABSTRACT 
The genetic organization of interval 62B3-4 to 62D3-4 on the Drosophila third chromosome was 
investigated. The region (designated DRE) includes four known  loci: Roughened (R;  3-1.4), defined 
by a dominant mutation disrupting eye morphology; the nonvital locus Aprt, structural gene for 
adenine phosphoribosyltranferase; Dras3, a homolog of the vertebrate ras oncogene; and 
l(3)ecdysoneless (1(3)ecd), a gene that has  been  implicated in the regulation of larval  molting hormone 
(ecdysteroid)  synthesis. Overlapping chromosomal deletions of the region  were generated by y-ray- 
induced reversion of the R mutation. Recessive lethal mutations were  isolated based upon failure to 
complement the recessive  lethality  of Df (3L)RRZ,  a deletion of the DRE region that removes  16-  18 
polytene  chromosome  bands. A total of 1 17 mutations were  isolated  following  ethyl methanesulfonate 
and 7-ray  mutagenesis. These and two additional mutations define 13 lethal  complementation groups. 
Mutations at two  loci  were recovered at disproportionately high rates. One of these loci  is preferentially 
sensitive to radiation-induced mutational alterations. Additionally, an unusually low recovery rate  for 
cytologically detectable rearrangement breakpoints within the 7-ray-sensitive  locus  suggests that an 
interval of the DRE region closely linked to the R locus may be dominantly sensitive to position 
effects. Lethal phase  analysis  of mutant hemizygotes  indicates that a high proportion of DRE-region 
loci (1 1 of 13) are necessary for larval  development.  Mutations  in  five loci  cause predominantly first- 
instar larval  lethality, while mutations in four other loci  cause predominantly second-instar  lethality. 
Mutations in  two  loci cause  late-larval  lethality  associated with abnormal imaginal  disc development. 
A temperature-sensitive allele of one newly identified  complementation group blocks ecdysteroid- 
induced pupariation. This developmental block  is overcome by dietary 20-hydroxyecdysone,  suggest- 
ing that a second locus  in the region in addition to l(3)ecd may  play a role in the regulation of late 
larval  ecdysteroid levels. 
- 
P OSTEMBRYONIC development in higher dip- teran insects is regulated by the ecdysteroids,  a 
class of  steroid  molting  hormones  derived  from  die- 
tary cholesterol and  related phytosterols and synthe- 
sized during larval stages by the prothoracic gland 
portion of the  ring  gland. In Drosophila  melanogaster 
the gene lethal(3)ecdysoneless  (l(3)ecd) has been impli- 
cated in the regulation of ecdysteroid biosynthesis. 
T h e  l(3)ecd locus (hereafter abbreviated ecd)  is de- 
fined by the recessive, temperature-sensitive  mutation 
ecd' which  causes nonpupariation  and  ecdysteroid e- 
ficiency at  restrictive  temperatures (GAREN, KAUVAR 
and LEPESANT 1977). T h e  primary biochemical  lesion 
in ecd' is not  known,  and  the  mutation causes  a num- 
ber of  pleiotropic  phenotypes whose relationship to 
the endocrine effects of the mutation is not well 
understood (AUDIT-LAMOUR and BUSSON 198 1 ; RED- 
FERN and BOWNES 1983; SLITER 1989). However, it 
was previously shown that ecdysteroid deficiency in 
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mutant  larvae  at  the  time of pupariation is associated 
with an  autonomously  expressed  defect  in  ecdysteroid 
biosynthesis by the  ring  gland (HENRICH et al. 1987). 
This  result  indicates  that  normal  function of the ecd 
gene is required for the proper control of steroid 
hormone  production  during Drosophila  larval  devel- 
opment. 
As part  of  our  studies  of ecd, we have  undertaken a 
mutational analysis to identify and  characterize closely 
linked vital  genes. T h e  ecd gene  has  been  mapped  to 
the 62B-D region  of  the  third  chromosome  at  recom- 
bination  map  position 3-1.3 (SLITER 1987), and  chro- 
mosomal deletions  of  this  region  have  been  isolated 
previously (JOHNSON and FRIEDMAN 1983; SLITER 
1986). In  addition to ecd, three  other  genes  are known 
to map to this  interval. The dominant Roughened 
mutation (62B7-12; JOHNSON and FRIEDMAN 1983) 
disrupts the facet structure of the adult compound 
eye (LINDSLEY and GRELL 1968). T h e  Aprt locus 
(62B9; JOHNSON et al. 1987) is a nonessential gene 
that  encodes  the  enzyme  adenine  phosphoribosyl- 
transferase (APRT; EC 2.4.2.7); loss-of-function mu- 
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tations of Aprt are  not lethal, and  confer resistance to 
toxic purine  analogs (JOHNSON and FRIEDMAN 1983). 
The Dras3 gene (62B; NEUMAN-SILBERBERG et al. 
1984) is a  Drosophila  homolog of the vertebrate ras 
oncogene  and is expressed  at high levels in  imaginal 
discs, larval and adult nervous system, adult flight 
muscles and ovaries (SEGAL and SHILO 1986); no 
mutations of Dras3 have been reported and its  func- 
tion during  development is unknown. 
The 62B-D region is also noteworthy because its 
fine-structure  organization  in  polytene  chromosomes 
is relatively complex in comparison  to other regions 
of the Drosophila  genome.  Examination of thin sec- 
tioned salivary gland  chromosomes  using  electron mi- 
croscopy (EM) has revealed an abundance of faint 
chromosomal  bands in this  region (SORSA, SAURA and 
HEINO 1984). The EM map identifies  approximately 
70% more  bands  in  the 62B-D interval  than  are  iden- 
tified in standard cytological  maps  based on light 
microscopy (LM) of stained  chromosome  preparations 
(BRIDGES 1941). Such relative abundance of minor 
bands is characteristic of the distal  tips of chromosome 
arms (SORSA 1984). It is not known if the relative 
structural complexity of the 62B-D interval is re- 
flected  in  its  functional  organization. 
Ethyl methanesulfonate  and  y-irradiation were used 
as mutagens in a systematic screen for DRE-region 
recessive  lethal mutations. Thirteen lethal comple- 
mentation  groups  were  identified.  Lethal  phase analy- 
sis indicates that  the DRE region includes  a  relatively 
high  proportion of loci which  when mutated  disrupt 
larval growth  and  development,  and  at least one locus 
in addition  to ecd may be involved  in the regulation 
of larval ecdysteroid levels. Included within this re- 
gion are two highly mutable loci, one of which is 
preferentially mutable with y-rays, and a genomic 
domain  that  appears to be unusually  resistant to cer- 
tain  types of radiation-induced  chromosomal re- 
arrangements. 
MATERIALS AND METHODS 
Stocks and  culture  conditions: If not otherwise indicated, 
marker and lethal mutations, deletion chromosomes and 
balancer  chromosomes are described in detail in LINDSLEY 
and GRELL (1968) or LINDSLEY and ZIMM (1985, 1986, 
1987). The genetic  stocks  used in this  study originated from 
the Drosophila  Stock Center, California Institute of Tech- 
nology, with the following exceptions: Df(3L)RE/TM3, Sb 
Ser (J. J. BONNER, Indiana University); mwh  red e 
1(3)13m237/TMl,  Me, mwh e  1(3)m47/TMl, Me and 1(3)60L 
mwh  red eITM1, Me (A. SHEARN, Johns Hopkins  University); 
mwh 1(3)neo7 red eITM3, Sb Ser (L.  Cooley, The Carnegie 
Institution). Animals were reared on a standard molasses- 
cornmeal-yeast-agar medium or on Formula 4-24 instant 
Drosophila  medium  (Carolina  Biological), supplemented 
with  live  yeast. 
Mutagenesis: Male  flies  were separated from females for 
2-3 days, and then fed ethyl methanesulfonate (EMS) or 
irradiated with y-rays from a 'OCo source (5000 rad). EMS 
was delivered in a  1 % sucrose  solution  following the method 
of LEWIS and BACHER (1968). Following mating, females 
were allowed to lay eggs for a maximum of three days. 
Recessive lethal  DRE-region  mutations  were induced on a 
lethal-free ru st e' chromosome from a recently  isogenized, 
homozygous  stock. EMS and 7-ray screens  were carried out 
simultaneously. 
Nomenclature: Newly identified lethal complementation 
groups were  designated  following the precedent of JUDD, 
SHEN and KAUFMAN (1 972). The region defined genetically 
by Df(3L)RRZ is designated DRE  by virtue of the fact that it 
includes the known loci Dras3,  R and ecd. Lethal comple- 
mentation groups are therefore named 1(3)drel, 1(3)dre2, 
etc., and are abbreviated drel,  dre2, etc.  Previously identi- 
fied complementation groups retain their prior designa- 
tions. 
Cytological  methods: Temporary squash preparations of 
acid-fixed polytene chromosomes from late-larval salivary 
glands  were prepared according to the methods of ASHBUR- 
NER (1  96'1) and examined under phase contrast illumination. 
Deletion mapping  and  complementation  tests: All dele- 
tion and lethal-bearing chromosomes were maintained in 
balanced  stocks over TM6b,  Tb  Hu e. In complementation 
tests, the failure of  two tested  chromosomes to complement 
when  in the trans-configuration was judged by the recovery 
of zero  unbalanced  flies from among 50-100 F1 progeny. 
Lethal  mutations  were first tested for complementation 
with several overlapping deficiencies of the DRE region, 
and were thus localized to one of  five nonoverlapping inter- 
vals defined by adjacent deletion breakpoints. All mutations 
that mapped within a single interval were then tested in 
trans with all other mutations in the interval, and with a 
representative allele of each of the identified  complemen- 
tation groups  in the adjacent intervals.  Mutations that 
mapped to interval I1  (see Figure 2) were  an  exception due 
to the large number of mutations that mapped to this 
interval. All interval I1 lethals  were tested for complemen- 
tation at 29-30'  with a temperature-sensitive  allele of the 
dre4 locus, dre4e'5's. Interval I1 mutations that survived over 
dre4C5sfS were assigned to complementation groups after 
being tested in trans with one another, and with several 
other representative alleles of dre4. 
Lethal phase analysis: Unless otherwise indicated, the 
stage  specificity of lethality was determined for each DRE- 
region  lethal mutation in  hemizygous  progeny  of  heterozy- 
gous mutant males (balanced over TM66,  Tb  Hu) and 
Df(3L)RR2/TM6b,  Tb  Hu females.  Hemizygous mutant off- 
spring were distinguished on the basis of their normal, 
slender body shape from balanced heterozygous siblings 
which expressed the dominant body-shape mutation Tubby 
(Tb). The  Tb phenotype first becomes  distinguishable from 
wild type at the end of the first larval instar (Ll) and is 
unambiguously identifiable through the second (L2) and 
third (L3) instars, and in puparia. To  determine lethal 
phases for non-temperature-sensitive mutations, cultures 
were  established and maintained at 25 O from eggs  collected 
over 6-8 hour intervals. The stage of surviving mutant 
(Tb+) animals was determined by visual inspection at 3, 5 
and 10 days after egg collection  using a Wild stereomicro- 
scope  (120-5OOX). The three larval  instars  were  recognized 
by stage-specific differences in the morphology of the larval 
mouth hooks, and the anterior and posterior respiratory 
spiracles  (BODENSTEIN 1950). Because the Tb phenotype is 
not distinguishable from wild type during early L 1, lethality 
during this  stage was inferred from the presence of large 
numbers of dead or developmentally arrested L1 larvae in 
3- and 5-day cultures, in which balanced siblings (which 
showed  negligible L1 lethality in control cultures) had de- 
veloped to late-LS/early-LS or late-L3 respectively. For 
temperature-sensitive mutations, the lethal  phase  of  hemi- 
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FIGURE 1.-Cytogenetic organization of the DRE region. The polytene chromosome map shows both LM bands (solid; BRIDGES 1941) 
and EM bands (dotted; SORSA, SAURA  and HEINO 1984). Horizontal bars indicate the  extent of the chromosomal deletions (identified to left) 
used  in mapping experiments, as determined in LM preparations. Brackets indicate the uncertainty in the cytological mapping. Nonoverlap 
ping intervals of the region defined by adjacent deletion breakpoints are indicated by Roman numerals. The complementation groups that 
map within each interval are indicated, along with the number of known lethal mutant alleles. Within each interval, the order of 
complementation groups is not known, with the exception of interval I1 in which Aprt is known to map to 62B9 (JOHNSON et al. 1987), and 
R is known to map to the left of Aprt (JOHNSON and FRIEDMAN 1983). 
zygotes was determined in cultures that were transferred 
from a permissive temperature (22-24") to a restrictive 
temperature (29-30") at the end of the egg collection 
period, early in L3 (3-4 days after egg collection), or at the 
white puparium  stage. 
RESULTS 
The polytene chromosome map  of the DRE region 
is shown  schematically  in Figure 1. The DRE region 
is defined genetically and cytologically by Df(3L)RR2 
which extends from 62B3-4 to 62D3-4 on  the stand- 
ard salivary gland polytene chromosome map 
(BRIDGES 1941). This interval spans  16-18  bands 
detectable at the level of light microscopy. SORSA, 
SAURA and HEINO (1984) have published a revised 
map of this region based upon a transmission EM 
study of  salivary gland chromosomes. That map indi- 
cates that the DRE-region includes 1 1-1 3 minor 
bands not detectable in light microscopic prepara- 
tions. 
Revertants of Roughened: Two chromosomal dele- 
tions of the DRE region (Df(3L)RE and Df(3L)RR2) 
had been isolated  previously by radiation-induced re- 
version of the dominant Roughened mutation. R is a 
gain-of-function mutation that causes a rough-eye 
phenotype due to fusion and elimination  of  eye  facets. 
In addition to its dominant phenotype, R acts as a 
recessive semilethal mutation (LINDSLEY and GRELL 
1968). 
To  generate additional deletions of the region for 
use in the mapping of lethal mutations, 32,980 F1 
progeny of y-irradiated ve RITM3, Sb Ser males and 
TMl,  Me sbd'lTM3, Ser females  were screened, and 
four phenotypic revertants were recovered and sub- 
sequently  stabilized  in balanced, pure-breeding lines. 
Three of the revertant chromosomes (Df(3L)RG2, 
Df(3L)RG5 and Df(3L)RG7) were  shown to be cytolog- 
ically visible deletions of the 62A-F interval. The 
fourth (RrrvC8) is cytologically normal. None of the 
revertant chromosomes  were  associated  with a cyto- 
logically detectable inversion or translocation break- 
point. 
was recovered as a partial phenotypic rever- 
tant of R. The rough-eyed phenotype of RrNG8/+ flies 
is less severe than in R/+ flies, and does not overlap 
either wild-type or R/+. The mutational event asso- 
ciated  with phenotypic reversion is also  associated  with 
a recessive lethal effect. The RrNG8 revertant chro- 
mosome is completely  lethal over Df(3L)RE. In con- 
trast, the parental R chromosome survives over 
Df(3L)REat 30-40% expected frequency, and surviv- 
ing hemizygous flies display an enhanced rough-eye 
phenotype. RrruC8 defines a unique lethal  complemen- 
tation group  that was not identified by our EMS- or 
y-ray-induced lethal mutations (see below). The re- 
cessive lethality of RTevG8 maps to interval I1 of the 
DRE region (Figure 1). It is possible that  the recessive 
lethality of RrevC8 results from a second-site lethal 
mutation in a closely  linked  vital  locus not identified 
in our systematic mutational screen of the region; 
however, a more parsimonious explanation is that the 
R revG8 
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TABLE 1 
Chromosomal  rearrangements 
Designations  Muta en  Breakpoints  References” 
Df(3L)RRZ X-rays 62B2-4;62D3-5 132 
Df(3L)RE X-rays 62B8-9;62B12-C1 1, 3 
Df(3L)RGZ y-Rays 62B2-4;62B11-12  1 
Df(3L)RG5 y-Rays 62AlO-B1;62C4-D1  1 
Df(3L)RG7 y-Rays 62B8-9;62F2-5  1 
In(3L)rgl7 ?-Rays 62B2-7;63F 1 
T(2;3)rg35 ?-Rays 27EF;62C2-D1 1 
a 1, This study; 2, SLITER (1986); 3, JOHNSON and FRIEDMAN 
(1983). 
lethal Rrevc8 revertant is a single-site,  loss-of-function 
mutation in the R gene that thereby reduces expres- 
sion  of the dominant gain-of-function phenotype. 
Figure 1 shows the cytological extent of the dele- 
tions as determined in  LM preparations of larval 
salivary gland chromosomes. The full cytological  des- 
ignations of the breakpoints of these deletions and  the 
other rearrangement chromosomes isolated in this 
study are given  in Table 1. The distal breakpoints of 
Df(3L)RR2 and Df(3L)RC2 are not distinguishable cy- 
tologically, nor  are  the distal breakpoints of Df (3L)RE 
and Df(3L)RG7. Furthermore, in neither case were 
lethal mutations recovered that map  between the  re- 
spective breakpoints, indicating that these breakpoints 
are close  genetically  as well  as  cytologically. The five 
overlapping deletions thus define five nonoverlapping 
intervals of the DRE-region (Figure 1): interval I 
(62B2-4 to 62B8-9) contains 5-6 bands based upon 
BRIDGES (1941) revised LM map, and  an additional 
3-5 faint bands based  upon the EM map  of the region 
(SORSA, SAURA and HEINO 1984); interval I1 (62B8-9 
to 62B11-12) contains three LM bands and 1-4 ad- 
ditional EM bands; interval 111 (62B11-12 to 62B12- 
C1) contains one LM band and 0-2 additional EM 
bands; interval IV (62B12-C1 to 62C4-5) contains 
four LM bands and 1-3 additional EM bands; and 
interval V (62C4-Dl to 62D3-5) contains 3-4 LM 
bands and 1-4 additional EM bands. 
Isolation of DRE-region  lethal  mutations: Reces- 
sive  lethal mutations in the DRE-region  were  isolated 
by failure to complement the recessive lethality of 
Df (3L)RR2 (Figure 2). From 9163 mutagenized third 
chromosomes, 1  17 mutations were recovered (Table 
2). Of  these mutations, 69 were  y-ray-induced and 48 
were  EMS-induced (Table 1). Several other previously 
isolated  lethal mutations that were  known to map to 
distal 3L (1(3)13m237,Z(3)m47,  Z(3)g60L and 1(3)neo7) 
were  also tested for their ability to complement 
Df(3L)RR2. Of these, only 1(3)neo7 failed to comple- 
ment Bf  (3L)RR2 lethality and was therefore included 
in subsequent studies. 
Distribution of lethal complementation groups: 
The 117 EMS- and y-ray-induced mutations were 
assigned to 11 lethal complementation groups (Table 
3). EMS-induced mutations were recovered in 10 of 
these loci  while  y-ray-induced mutations were re- 
covered in seven. Two of the identified complemen- 
tation groups correspond to the previously identified 
ecd and 1(3)neo7 loci. All of the lethal-bearing chro- 
mosomes recovered from EMS and 7-ray mutagenesis 
uncover single complementation groups, with the ex- 
ception of one cytologically normal chromosome (des- 
ignated e84)  which was recovered from EMS muta- 
genesis and fails to complement mutations in two 
interval I complementation groups, drel and dre9. It 
is possible that dref  and dre9 constitute a single  com- 
plex complementation group. However, the lethal 
phases  of drel and dre9 mutations are distinctly  dif- 
ferent (see below), suggesting that the functions of 
these loci differ. It is therefore likely, though not 
certain, that drel and dre9 are separate loci, and that 
the e84 chromosome carries two independently in- 
duced mutations in these  genes. No interallelic com- 
plementation was observed in the  other DRE-region 
complementation groups. 
In addition to  the 1 1 loci identified in our systematic 
mutagenesis  of the  region, two other lethal  comple- 
mentation groups were identified. One of  these 
( l ( 3 ) R )  is defined by the RrevC* lethal revertant of R 
(see  above). The second (drefO) is defined by a lethal 
insertion of a mobile P element into interval V 
(drefOP’).  These two additional loci bring the total 
number of identified DRE-region lethal complemen- 
tation groups to 13. 
Figure 1 shows the distribution of complementation 
groups relative to the cytological map of the DRE 
region. In general, the observed number of functional 
genes in each interval of the DRE region does not 
exceed the  number of polytene chromosome bands 
detected by LM cytology. An exception was interval 
I11  which contains two  vital  genes, dre6 and dre7, but 
only a single LM band, 62B12. However, interval I11 
may also include up to two bands detectable in EM 
preparations, and it is possible that  one or both of the 
vital  genes that map to this interval may  be associated 
with  these faint bands.  Similarly, the R locus  in inter- 
val I1 may be associated  with faint EM bands between 
62B8 and 62B9. R is known to map  distal to  the Aprt 
locus (JOHNSON and FRIEDMAN 1983) which  has  been 
mapped by in situ hybridization to 62B9 (JOHNSON et 
al. 1987). R must therefore lie between 62B9 and 
distal breakpoints of Of (3L)RE and Df(3L)RG7.  
Relative  mutabilities of DRE-region  loci: The 
identified vital loci span a wide range of mutabilities. 
Mutations at two loci were recovered at unusually 
high frequencies. Mutations of dre8 are 16% of the 
mutations isolated, while dre4 mutations are 63%. In 
addition to being the most highly mutable of DRE- 
region loci, dre4 is also exceptional in that it was 
preferentially more sensitive to y-rays than to EMS. 
Three-fold more y-ray-induced mutations of dre4 
were recovered than EMS-induced mutations. Muta- 
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FIGURE 2.-Scheme for  the isola- 
tion of  DRE region lethal mutations. 
Balanced male progeny of mutagen- 
ized  flies were mated individually 
with 3-5 females. The F2 progeny of 
EMS-mutagenized males were reared 
at  29"  to make possible the recovery 
of temperature-sensitive lethal mu- 
tations. Lethal mutations uncovered 
by Df(3L)RR2 were identified in the 
F2 generation by the absence of the 
unbalanced progeny class  (class I). 
Stable mutant lines were established 
from class 11 siblings which carried 
the mutagenized TU st e'chromosome 
(indicated by asterisk). Following sta- 
bilization, lethal-bearing chromo- 
somes were retested in trans with 
Df(3L)RR2 to verify lethality. EMS- 
mutagenized chromosomes were re- 
tested at  both 29"  and 18" to  deter- 
mine temperature sensitivity. 
(critical  class) 
TABLE 2 




FI 10 Iso- Stable 
Mutaeen screened lates lines I I1 111 IV V 
y-Rays 2,178 73  69 4  (6%) 57  (83%) l ( l % )  7 (10%) 0 (0%) 
EMS 6,085 123 48 12 (25%) 22  (46%) 1 (2%) 12 (25%) 1 (2%) 
Total 9,163 196 117 16 (14%) 79 (68%) 2  (2%) 19 (16%) l ( l % )  
a See Figure 1. 
tions of dre4 constitute 83% of y-ray-induced muta- 
tions recovered over Df(3L)RR2, but only 46% of the 
EMS-induced mutations. In contrast, for  the  other 10 
complementation groups taken together  the  number 
of  EMS-induced mutations (29) is approximately two- 
fold greater  than  the  number of  y-ray-induced muta- 
tions (13). Individually, the dre8,  dre5 and dre3 com- 
plementation groups each show  close to this 2:l ratio 
of EMS-to-y-ray-induced mutations, suggesting that 
they  have  similar relative sensitivities to the two  mu- 
tagens, and  that their relative sensitivities differ sub- 
stantially from that of dre4. 
Distribution of chromosomal  rearrangements in 
the DRE region: Ionizing radiation such as y-rays 
typically produces a full spectrum of mutational 
changes, including cytologically normal mutations, 
deletions, inversion and translocations, and produces 
cytologically detectable rearrangements at relatively 
high rates. Two of the mutations recovered in our 
systematic screen for y-ray-induced DRE-region  lethal 
mutations were  associated  with  cytologically detecta- 
ble  chromosomal rearrangements  (Table 1). One al- 
lele of dre2, dre2g17, is associated with a paracentric 
inversion (Zn(3L)rgZ7), that breaks in interval I of the 
DRE region; this represents 25% (n  = 4) of 7-ray- 
induced mutations in interval I. The other re- 
arrangement-associated mutation is the dre8@ allele, 
which is associated  with a translocation (7'(2;3)rg35) 
that breaks in interval IV; this represents 14% (n = 
7) of y-ray-induced mutations in interval IV. 
In contrast, none of the 57 y-ray-induced mutations 
in interval I1 is rearrangement-associated. This pri- 
marily reflects a failure to recover rearrangement- 
associated mutations of dre4 since 56 of the 57 y-ray- 
induced interval I1 mutations are alleles  of dre4. The 
failure to recover inversions and translocations asso- 
ciated with dre4 mutant alleles suggests that these 
types of mutational events may  be preferentially elim- 
inated due  to dominant effects on viability or fertility 
(see DISCUSSION). 
Lethal  phenotypes: Figure 3 summarizes the results 
of  lethal  phase  analysis of DRE-region mutations. Le- 
332 T. J. Sliter et al. 
TABLE 3 
Distribution of newly isolated  recessive  lethal  mutations among 
DRE-region complementation groups 
Complementation 
Mutagen 
group EMS’ y-Rays” Other 
l(3)drel 2* 1 
1(3)dre9 3b 0 
1(3)dre2 2 1‘ 
1(3)dre3 5 2 
1(3)neo7 1 0 
1(3)dre4 18 56 
1(3)dre5 4 1 
1(3)dre6 1 0 
l(3)dre7 0 1 
l(3)dreg 12 7’ 
l(3)drelO 0 0 1’ 
l(3)ecd 1 0 
4 3 ) R  0 0 I d  
a lsolated as shown in Figure 1 .  
Includes one allele carried on the e84 chromosome which fails 
to complement mutations of both l(3)drel and 1(3)dre9. 
‘ Associated with In(3L)rgl7.  
e One allele associated with T(2;3)rg35. 
/Recovered in the FI progeny of hybrid dysgenic females. 
Isolated as a phenotypic revertant of R following y-irradiation. 
thal phases were determined  for  mutant hemizygotes 
in order  to avoid problems in interpretation  due  to 
possible second-site lethal  mutations on  the mutagen- 
ized ru st e’ chromosome.  For  each locus, there is a 
characteristic developmental  stage at which most ani- 
mals die or cease development. This predominant 
lethal phase is not  prior to larval hatching  for  any of 
the identified loci, suggesting that zygotic expression 
of these  genes may not be  required  for  normal em- 
bryogenesis. Mutations in 11 of the 13 identified 
DRE-region loci cause mainly larval lethality. These 
loci can be divided into three groups based upon 
whether  mutations cause predominantly  early, mid or 
late larval lethality. 
Early larval vital loci: Mutations in five loci (dre3, 
dre4,  dre5,  dre7 and dre8)  cause predominantly first- 
instar larval lethality. In the case of dre7, only one 
mutation was recovered so it is possible that first- 
instar lethality may represent a weak, hypomorphic 
phenotype. However, multiple alleles of dre3, dre4, 
dre5, and dre8 were recovered,  and in these cases first- 
instar lethality was not only the predominant lethal 
phase, but was also the most severe  phenotype, sug- 
gesting that early larval lethality may represent close 
to  the amorphic  condition  for  these genes. 
In the case  of dre8, a further indication that early 
larval lethality may represent  he null phenotype 
comes from y-ray-induced allele, dre8g3’, which is 
likely to represent an amorphic or strongly hypo- 
morphic  mutation by virtue of its association with a 
rearrangement  breakpoint (T(2 ;3 ) rg35) .  The 
allele causes first-instar larval lethality, and is not 
obviously more severe in its effects than  the majority 
of other EMS- and y-ray-induced alleles. Two y-ray- 
induced alleles of dre8 (dre8g2’ and dre8g6’) cause 
lethality during pupal-adult  development. 
In the case of dre4, mutant first-instar larvae are 
long-lived, surviving for  up  to a week in that stage. 
Despite their  failure to develop beyond the first  instar, 
mutant larvae remain  robust and active. On this basis 
the dre4 gene would appear not to be required for 
larval viability per se, but rather for an aspect of 
normal larval growth and development. The results 
of studies of a temperature-sensitive allele of dre4, 
dre4c55‘s , suggest that dre4 may play a role in an 
endocrine aspect of larval development. Hemizygous 
mutant larvae transferred from a permissive to a 
restrictive temperature early in the  third larval instar 
do not  undergo  pupariation  (Table 4). This failure to 
pupariate is not associated with obvious defects in 
growth and development.  Increase in  wet weight oc- 
curs at a normal rate, and mutant larvae (dre4c55ts/ 
D f ( 3 L ) R E )  reach a size (1.51 k 0.04 mg/larva) that 
does  not  differ substantially from  the size reached by 
control larvae (ru st e”/Df(3L)RE) at  the time of pu- 
pariation  (1.68 f 0.02 mg/larva); this final size  in each 
case represents  approximately  a 4-fold increase in  wet 
weight over the course of the  third instar.  In  nonpu- 
pariating mutant larvae internal tissues such as the 
brain, salivary glands and imaginal discs are full-sized 
and of apparent normal  morphology.  Nonpupariating 
mutant larvae at  the restrictive temperature  retain  the 
ability to respond to biologically active ecdysteroids. 
When  fed yeast paste containing 20-hydroxyecdysone 
(1 mg/ml), 80% of mutant larvae tan their larval 
cuticle,  suggesting that  the pupariation block caused 
by dre4c55Lr may result from abnormal regulation of 
late-larval ecdysteroid levels. The critical time for 
mutant gene action in blocking pupariation is very 
late during larval development. When hemizygous 
dre4C55Lr larvae are transferred from permissive to 
restrictive conditions during the wandering period 
which occupies the 6-8-hr period  preceding  puparia- 
tion, only 20% (n = 56) of animals pupariate normally 
while 20% die  as morphologically normal  larvae show- 
ing none of the  external  changes in morphology  char- 
acteristic of pupariation. The remainder  die showing 
morphologies intermediate between larvae and pu- 
paria. The morphological abnormalities consist of in- 
complete  tanning of the larval cuticle and incomplete 
retraction of the body to  the  barrel shape typical of 
normal  puparia. This late larval action of dre4C55‘s is 
in contrast to  other described  temperature-sensitive, 
nonpupariating mutants which generally have tem- 
perature-sensitive  periods  for  nonpupariation that 
end early in the last larval instar (GAREN, KAUVAR and 
LEPESANT 1977; JURGENS and GATEFF 1979; HOLDEN 
et al. 1986). 
Mid-larval vital loci: Mutations in four of the 13 
DRE-region loci (dre9,  1(3)neo7,  drelO and ecd) cause 
predominantly second-instar larval lethality. In the 
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FIGURE 3.--Summary of lethal phase 
analyses. The stage of lethality was deter- 
mined for mutant hemizygotes. Closed sym- 
bols indicate the predominant lethal 
phase(s); open symbols indicate less frequent 
lethality. Symbols placed on the border of 
larval stages denote lethality during the 
molt, as indicated by the presence of dead 
larvae containing two sets of larval mouth 
hooks. Stage of lethality was determined for 
nonconditionally expressed mutations at 
25" (circles), and for temperature-sensitive 
mutations upshifted from 22-24' to 29- 
30" at egg laying (squares), at the early third 
instar (triangles) or at puparium formation 
(diamonds). 
TABLE 4 
Nonpupariation of d~e4"'~  hemizygotes following transfer  to 
20-30" as  early  third-instar  larvae 
DA3L)RE/TM6b 
Unbalanced puparia 
X n Exuected Observed 
TU st e' 278 139 156 
ru dre4'"'" st e'lTM6b 108 36 0 
case  of dre9, three independently induced EMS alleles 
were recovered. Each  of these result in the  death of 
second-instar larvae suggesting that mid-larval  lethal- 
ity is a general characteristic of mutations at this  locus. 
In the case of the 1(3)neo7 locus, the original mutant 
allele (1(3)neo7') is the result of a lethal insertion of a 
nonautonomous P element into 62B (COOLEY, KELLEY 
and SPRADLING 1988). This results in a relatively 
strong mutagenic event since l(3)neo7' hemizygotes 
display an earlier lethal phase than do hemizygotes 
that carry the weaker, EMS-induced  allele 1(3 )ne07 '~~ .  
Only single mutant alleles of drelO and ecd were 
recovered, and it is therefore possible that mid-larval 
lethality in these  cases represents a hypomorphic phe- 
notype and that stronger alleles of these loci would 
cause predominantly embryonic or first-instar lethal- 
ity. However, in the case of the early  larval  loci  dis- 
cussed above, none of the multiple mutant alleles 
(which presumably include hypomorphic mutations) 
cause second-instar lethality predominantly. This sug- 
gests that second-instar lethality may not simply rep- 
resent a weak phenotype caused by a hypomorphic 
mutation in a gene that is required early in larval 
development, but  rather may represent a qualitatively 
different sort of developmental function. 
Late  larual/prepupal  vital loci: Mutations in  two  loci 
(dre l  and dre2)  cause predominantly late larval or 
prepupal lethality. Multiple  alleles  of  these loci  were 
recovered, including one 7-ray-induced mutation of 
each. In the case  of dre2, one allele (dre2g") is associ- 
ated with a  rearrangement breakpoint (Zn(3L)rg l7) .  
In addition to causing late larval lethality, mutations 
in both loci cause abnormal imaginal disc develop- 
ment. Drel  mutant larvae have  imaginal  discs that are 
substantially reduced in size, and do not show the 
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folding  that is characteristic of mature imaginal discs; 
all imaginal discs are similarly affected. Defects in the 
imaginal discs probably account  for the  prepupal le- 
thality observed in drel mutant animals. 
Mutations of dre2 have  a more severe effect upon 
imaginal disc development.  Mature  mutant  larvae 
show a discless phenotype; no imaginal discs are dis- 
cernible in dissected preparations of late third-inst,ar 
larvae. In  addition,  the larval brain (but  not  the ven- 
tral ganglion) is greatly  reduced in  size. 
Other loci: One EMS-induced allele of dre6 was 
recovered. At the restrictive temperature  the dre6e21f5 
allele acts as a recessive lethal mutation and causes 
lethality predominantly at the pharate adult stage. 
Animals differentiate into morphologically normal 
adults, but do not eclose from  the  puparium. At 
permissive temperatures (22-25")  the dre6C21t5 allele 
acts as a recessive eye-color mutation, causing dull red 
eyes in both male and female flies. It also acts as a 
recessive male-sterile mutation.  Mutant  female  adults 
are fertile. The effects of dre6e2zt5 at permissive tem- 
peratures resemble the  reported  phenotype of sherry 
(she; LINDSLEY and GRELL 1968),  an eye-color/male 
sterile  mutation that was reported  to  map  to distal 3L, 
but is now lost. It is possible that dre6 corresponds to 
the she locus. 
The y-ray-induced Rreuc8 recessive lethal revertant 
allele of R causes death during metamorphosis. No 
larval lethality was observed.  Mutant hemizygotes 
died at two stages: as pupae following head  eversion, 
or as uneclosed, differentiated pharate adults. With 
the exception of roughened eyes, the  external  mor- 
phology of uneclosed pharate  adults was normal. 
DISCUSSION 
The goal of saturation  genetic analysis is to identify 
all functional loci  in a  defined  genomic  region based 
upon isolation of mutations with recognizable pheno- 
types. In this study we have focused upon the identi- 
fication of  vital loci; i .  e . ,  those loci that when mutated 
result in recessive zygotic lethality. Our analysis has 
identified 13 lethal complementation groups in the 
DRE region.  It is of interest to know if these 13 loci 
represent  the majority of vital genes, or if a substantial 
number of loci remain  undetected. An estimate of the 
number of undetected loci (i .e. ,  the zero-hit class) can 
be made based upon  the  observed  frequency of mu- 
tations in identified loci. Typically, such estimates are 
based upon  the  presumption that  the frequency dis- 
tribution of mutations fits a Poisson or a truncated 
Poisson distribution (BARRETT 1980; LEFEVRE and 
WATKINS 1986). Although the Poisson analysis as- 
sumes that target loci are equally mutable, this as- 
sumption is not generally valid (LEFEVRE and WAT- 
KINS 1986). In the DRE region the assumption of 
equimutability is clearly invalid given the relatively 
high  rates of mutation at dre4 and dre8. As expected, 
TABLE 5 
Statistical analysis of complementation  data for EMS- and y- 
ray-induced  lethal  mutationsa 
Goodness-of-tit 
Mutagen All loci dye4 and dyed lir, ti, 
All loci except 
EMS P e 0.001 P > 0.1 2.065 1.45 
y-Rays P e 0.001 P>O.1 1.031 3.88 
EMS and P C  0.001 0.1 > P >  0.05 1.770 2.26 
y-Rays 
Goodness-of-fit to a  truncated Poisson distribution was tested 
by  use of x*. The x' statistic, the maximum likelihood estimate of 
the Poisson parameter (A), the Poisson parameter for the single-hit 
class ( i t ] ) ,  and  the estimated size  of the zero-hit class (60) based upon 
A, were determined  after the methods of BARRETT (1 980). 
the frequency distribution of our EMS- and y-ray- 
induced  mutations,  taken either separately or pooled, 
does  not fit a  truncated Poisson distribution;  however, 
the observed  distribution  does not differ significantly 
from  a Poisson distribution when dre l  and dre8 mu- 
tations are excluded  from the analysis (Table 5) .  
Even though  the assumption of equimutability  does 
not hold for DRE-region loci as a whole, a Poisson- 
based analysis can  be used to estimate the  number of 
undetected loci with mutabilities similar to the ob- 
served mutabilities of detected loci  [see MOHLER and 
PARDUE (1984) for discussion]. An analysis of our 
systematically recovered EMS- and y-ray-induced  mu- 
tations, which together define l l  complementation 
groups, indicates that there may be two additional, 
undetected loci  in the DRE-region whose mutabilities 
are equal  to or  greater  than those of the least mutable 
detected loci (Table 5) .  In  addition to  the loci defined 
by our systematically isolated mutations, two addi- 
tional vital loci, Z(3)R and d r e l 0 ,  were identified by 
other criteria. The observed number of genes is thus 
close to  the estimated  total number of loci, suggesting 
that we have achieved close to  saturation of the DRE- 
region for vital genes in the observed range of muta- 
bilities. However, this represents  a  minimum  estimate 
of the  number of functional loci  in the DRE region. 
Not included in this estimate are vital loci of low 
mutability, and loci that when mutated cause visible, 
morphological phenotypes or adult sterility. In addi- 
tion, the region is known to include at least one 
functional locus, A p t ,  that is not  required  for viability, 
fertility or normal  morphology  (JOHNSON and FRIED- 
Excepting dre4 and dre8, the average  mutation  rate 
of the  detected DRE-region vital loci using y-rays is 
6.1 x mutations locus" kilorad" (M L" kR"). 
This rate is similar to the average mutation rate in 
other regions of the genome. Vital loci on the X- 
chromosome are mutated with X-rays at  an average 
rate of 5.9 X 1 0-5 M L" kR" (LEFEVRE 198  1; LE- 
FEVRE and WATKINS 1986). In contrast, dre8 muta- 
tions were recovered at a rate (6.4 x M L" kR") 
MAN 1983). 
Genetics of 62B-D in Drosophila 335 
10-fold higher than the average rate  for DRE-region 
loci, while dre4 mutations were recovered at an 80- 
fold higher rate  (5.1 X lo-' M L-' kR"). In compar- 
ison, mutations are recovered at  the highly mutable X 
chromosome loci cut and Notch at rates (3.5 X 
and 2.7 X M L-'  kR", respectively)  similar to 
that observed here  for dre8 (LEFEVRE 1981; LEFEVRE 
and WATKINS 1986). Dre4 mutations are recovered at 
10-20-fold higher rate, suggesting that dre4 may be 
among the most  highly mutable of  Drosophila  genes. 
Our data provide no insight into  the biological  basis 
of the observed hypermutability of dre4. The most 
obvious explanation is that this may reflect a corre- 
spondingly large physical size for  the locus as is the 
case for both Notch (KELLEY et al. 1987) and cut (JACK 
1985), while the difference in  sensitivity  of dre4 to y- 
rays and EMS may reflect an atypically  high propor- 
tion of noncoding and regulatory regions in the gene. 
Ionizing radiation typically  causes chromosome re- 
arrangements at high rates  (SANKARANARAYANAN  and 
SOBELS 1976), and translocation- and inversion-asso- 
ciated mutations can  be recovered at  the vast majority 
of  Drosophila  loci (LEFEVRE  and WATKINS 1986). The 
dre4 locus is therefore atypical of Drosophila  genes in 
that none of the  56 radiation-induced lethal mutations 
of dre4 were associated with rearrangement break- 
points.  Results obtained in  two independent attempts 
to recover radiation-induced revertants of R suggest 
that this phenomenon may not be specific to  the dre4 
locus, however. In the present study, the four R- 
revertant chromosomes that we recovered either were 
cytologically normal or carried large chromosomal 
deletions. Similar results were  also obtained in a pre- 
vious study of X-ray-induced R revertants (SLITER 
1986) in  which  six R revertants were recovered from 
20,000 irradiated ve R chromosomes. In that study, 
four  revertant chromosomes carried deletions of the 
62B-E region while the remaining two  were  cytologi- 
cally normal. Thus, no radiation-induced revertants 
of R have  been  shown to be associated  with detectable 
inversions or translocations. In contrast, radiation- 
induced revertants of other revertable dominant mu- 
tations typically include a high proportion of non- 
deletion rearrangements (DUNCAN  and KAUFMAN 
1975;  HAZELRIGG  and KAUFMAN 1983). It would thus 
appear that  the R locus,  like dre4, may be atypically 
resistant to mutagenic events associated  with re- 
arrangement breakpoints. Since R and dre4 are closely 
linked in interval 11, it is  likely that this  insensitivity is 
a regional expression  of a single, underlying phenom- 
enon.  It is possible that  the R-dre4 interval may exhibit 
a site-specific  insensitivity to radiation-induced chro- 
matin breakage in mature sperm. Alternatively, it may 
be that rearrangements with breakpoints within the 
R-dre4 interval are not recovered due to dominant 
lethal or sterile effects in the F1 generation. Such a 
dominant position effect might reflect either  a disrup- 
tion of normal cis gene regulation in the R-dre4 inter- 
val, or an effect of breakpoints on trans gene activity 
analogous to  the transvection phenomenon originally 
described in studies of mutations in the Bithorux gene 
complex (LEWIS 1954). Since more than  a single gene 
in the R-dre4 interval displays an apparent resistance 
to  rearrangement events, this phenomenon could be 
due  to one or more loci  in the region other than R or 
dre4. 
Zygotic  expression  of the majority  of  DRE-region 
loci  is required for larval development. In  the case  of 
loci for which  multiple mutant alleles were recovered, 
the predominant stage of  lethality was a locus-specific 
attribute. No obvious correlation was apparent be- 
tween the relative strength of mutant alleles at a 
particular locus, and their origin as either EMS- or y- 
ray induced mutations. There were three major  pe- 
riods of  lethality during larval development: the first 
instar, the second instar and  the larval/prepupal tran- 
sition. Other studies indicate that  a high proportion 
of  lethal mutations in Drosophila  cause first instar and 
late-larval/prepupal lethality (HADORN  and CHEN 
1952; OSTER 1952). However, relatively few muta- 
tions of  Drosophila  cause second-instar lethality. In a 
study of 59 recessive  lethal mutations on  the second 
chromosome induced by phenol and sulphoraphen, 
HADORN  and CHEN (1 952) observed only one muta- 
tion that caused a high rate of second-instar lethality. 
This result suggests that genes causing second-instar 
lethality  when mutated may represent fewer than 2% 
of vital loci. In contrast, mutations in 4 of the 13 
identified DRE-region  loci (30%) cause  lethality at this 
stage. The possible functions of these genes during 
development, and how they may differ in function 
from loci that cause first instar lethality  when mutated 
is conjectural. On the one hand, L2-specific lethal 
mutations might define genes that are critical for 
certain larval growth processes that are not limiting 
in the first instar, but become  limiting later in devel- 
opment. Alternatively, the stage specificity may not 
reflect a specific developmental function for these loci, 
but might instead reflect the storage of sufficient 
maternal mRNA or product  to support normal zygotic 
development up until the mid-larval period. 
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